A diatom-detection algorithm was parametrized for the Humboldt upwelling system using local cruise data that were first validated, then used to create monthly composites of diatom distribution from 0 to 408S and 90 to 708W for both normal and El Niño conditions. There was a 50% reduction in the areal extent of diatom-dominated waters during the peak of the 1997 El Niño. The extent of the coastward contraction in the diatom-dominated area varied along the South American coastline. These regional shifts in phytoand zooplankton communities would have increased food stress on local anchovy (Engraulis ringens) populations and could have contributed to diminished larval survival and landings the following year. A region of strong upwelling over the wide Peruvian continental shelf around 158S was the only area that maintained a strong diatom population throughout the El Niño; the area may require special protection from fishing pressure in years following an El Niño event.
Introduction
The eastern equatorial Pacific Ocean is a region of high biological productivity thought to account for 20 -50% of new biological productivity in the global ocean (Loubere, 2000) . This oceanic province, together with the neighbouring Humboldt Current, constitutes an area of economic and ecological importance that is subject to climatic perturbation from the El Niño Southern Oscillation (ENSO). During an El Niño event, the thermocline in the eastern Pacific deepens in response to the relaxation of westward windstress. Although local conditions can remain favourable for coastal upwelling, the reduced entrainment of subthermocline water into upwelling systems results in decreased surface nutrient and increased surface temperature (Carr et al., 2002; Escribano et al., 2004) .
El Niño events provide opportunities for improving our understanding of the impact of physical forcing on marine ecosystems. The climatic events of 1972/1973, 1982/1983, and 1997/1998 were particularly well studied in this regard. The 1997/1998 El Niño was the largest natural perturbation of the global carbon cycle on record, as revealed by ship, buoy, and satellite data (Turk et al., 2001) .
Early studies of El Niño impacts on the dynamics of the eastern Pacific upwelling system were based on ship data Chavez, 1983, 1986) and focused on how reduced phytoplankton biomass results in reduced fish stocks. González et al. (2000) , measuring the standing stock of various phytoplankton, microzooplankton, and mesozooplankton before, during, and after the 1997 El Niño, observed a reduction in diatoms and a shift to smaller zooplankton during the El Niño. Synoptic fields of surface chlorophyll observed from ocean-colour satellites have made possible the estimation of surface phytoplankton biomass over entire biogeochemical provinces . However, total phytoplankton biomass, as indexed by chlorophyll a (Chl a) concentration, tells only part of the story. Time-series stations (Ulloa et al., 2001) and modelling studies demonstrate the importance of species-dependent interactions as a key to reconciling the observations. The bottom-up control of energy flow through the trophic levels is influenced by both phytoplankton biomass and community structure .
Recently, remote-sensing algorithms have been developed to distinguish between phytoplankton groups such as diatoms, coccolithophores, Prochlorococcus, and Synechococcus, based on their differing optical characteristics (Sathyendranath et al., 2004; Alvain et al., 2005 Alvain et al., , 2008 . Here, we apply the diatom-detection algorithm of Sathyendranath et al. (2004) to the Southeast Pacific. Parameters used in the algorithm are tuned using local ship data, and the newly parametrized algorithm is then used to map the distribution of diatoms in the Southeast Pacific during summer of the strong 1997 El Niño and during the normal summer conditions of 2000. Changes in species distribution are analysed, and the connections with and implications for fisheries are considered.
Material and methods
The 1997 El Niño was selected for analysis because it is the strongest for which ocean-colour, remotely sensed data are available.
The control year of 2000 is the closest to 1997, with both remotely sensed data and a multivariate ENSO index indicating non-El Niño or La Niña, i.e. normal, conditions. Satellite data from September, October, November, and December were processed to capture the shifting diatom distribution as the El Niño conditions developed.
The remotely sensed data used in this study are from SeaWiFS (normalized water-leaving radiance, nLw), freely available from the NASA/GSFC/DAAC website (http://oceancolor.gsfc.nasa .gov/cgi.browse.pl?sen=am). The global area coverage dataset was chosen, rather than merged local data (MLAC), to reduce the possibility of erroneous data resulting from differing scan times (NASA, 2008) being made.
Data from five cruises conducted by the Bedford Institute of Oceanography (BIO) from 1995 to 2002 were compiled, spanning the El Niño event under investigation ( Figure 1 ). These consisted of .250 measurements of pigment concentrations and wavelength-specific absorption from 20 to 438S and 70 to 908W. Absorption was measured, as described in Stuart et al. (2000) , using a Shimadzu UV-2101 PC scanning spectrophotometer equipped with an integrating sphere. Pigment concentrations were measured using high-performance liquid chromatography (HPLC). For details of the HPLC procedure, see Head and Horne (1993) . Each sample was classified as either diatomdominated or mixed phytoplankton, based on the HPLC accessory pigment information. Following the method of Sathyendranath et al. (2004) , pigment ratios were used to classify station populations. Samples having fucoxanthin:Chl a ratios .0.35 and Chl c 3 :Chl a ratios ,0.025 were classified as diatom-dominated. Although the same pigments were used as in Sathyendranath et al. (2004) , threshold values were slightly different, because the study region does not have a recurrent population of Phaeocystis (Schoemann et al., 2005) , such as that found in the North Atlantic by Sathyendranath et al. (2004) . Phaeocystis is a haptophyte containing significant concentrations of the diagnostic pigment fucoxanthin.
The method of Sathyendranath et al. (2004) was applied to ocean-colour images to identify the presence of diatoms. The algorithm was parametrized using the local measurements of phytoplankton pigment concentration and wavelength-specific absorption coefficient. The method is based on the fact that diatom pigment composition, internal pigment concentration, and cell size result in absorption characteristics distinct from other phytoplankton groups. The dependence of phytoplankton absorption on Chl a concentration was described for the two phytoplankton populations, diatom and mixed, using the following equation (Sathyendranath et al., 2001) , at nine key wavelengths:
where a p (m -1 ) is the phytoplankton absorption, U (m -1 ), S [m 3 (mg Chl a) -1 ], and a * 2 [m 2 (mg Chl a) -1 ] are parameters fitted as a function of wavelength (l), and C is the chlorophyll concentration (mg Chl a m -3 ). Equation (1) was then used to describe the spectral absorption of light by each phytoplankton population as a function of chlorophyll concentration in a radiative transfer model Platt, 1997, 1998) . The model output is a lookup table of predicted reflectance ratios for selected wavelength pairs over a range of concentrations of Chl a for each of the two populations, mixed and diatom. Reflectance ratios were used to minimize the effect of systematic errors in the absolute magnitudes of the retrieved reflectances on the algorithm. For each pixel of a daily satellite image, two reflectance ratios (510:555 and 490:670 nm) were applied to estimate the Chl a concentration, using the diatom lookup table, and the difference between the estimates was recorded. The process was then repeated using the mixed-population lookup table. The lookup table giving the smallest relative difference in the Chl a estimate between the two reflectance ratios was deemed to be correct, and the pixel was designated as diatom or mixed. For further details on the model, see Sathyendranath et al. (2004) . Data from the Biogeochemistry and Optics South Pacific Experiment (BIOSOPE) cruise stations (Gó mez et al., 2007; Claustre et al., 2008) were added to the dataset to validate the remotely sensed results; individual daily diatom maps were created for all dates for which both satellite and cruise data were available. The algorithm output was then compared with the HPLC data. The diatom-identification algorithm was applied to daily image pixels, and the resulting diatom maps were combined into monthly composite images. These images were then smoothed with a 3 × 3 pixel mean to remove cloud-edge effects. Each pixel was assigned a value from 0 to 1, i.e. the fraction of the monthly observations for which the pixel was identified as diatom-dominated; 1 indicating that all valid data for that pixel indicated a diatom presence. Although shorter compositing time-scales would have been preferable to resolve shorter time-scale events (Breaker et al., 2010) , the high levels of cloud cover in the region required the use of a monthly timescale to obtain sufficient cloud-free pixels. Monthly composites also allowed multiple observations for most pixels in a composite, so that the diatom fraction was not biased by single-value averages.
The study region was subdivided into three based on visual inspection of ocean-colour images. Subregion 1 is centred on the equatorial upwelling and includes part of the Pacific equatorial divergence and the Humboldt Current province, covering a region from 0 to 88S and from 80 to 908W. That area represents one of the most productive regions of the eastern tropical Pacific. A large area centred on the upwelling system situated within 5 -88 latitude of the South American coast was divided into two subregions: subregion 2, situated between 8 and 208S, and subregion 3 situated between 20 and 408S. The width of the actual coastal upwelling zone was estimated at 100 -200 km ( 1-28 latitude), but because of horizontal advection, the upwelled nutrients fertilize a larger area.
Percentages of total valid pixels, instead of absolute pixel numbers, were used to assess the changes in diatom abundance, because cloud cover can cause a decrease in the number of total valid pixels, without an associated change in diatom distribution or abundance. Pixels were classified into one of three groups: a diatom probability of 0-0.3 (diatoms absent), 0.3 -0.7 (mixed populations), and 0.7 -1.0 (diatoms dominant). We could then examine the percentage of pixels in each area for each class during El Niño and non-El Niño conditions. Offshore Ekman transport (OET) was used as a proxy for upwelling, as described in Escribano et al. (2004) . OET data for the Peru -Chile current system upwelling were obtained from NOAA (2002; www.pfel.noaa.gov/products/PFEL/modeled/ indices/upwelling/SA/sp_upwell_data.html).
Results and discussion
Only seven of the combined dataset (BIO and BIOSOPE) cruise stations had exact pixel matchups with the satellite data. The algorithm diagnosed the phytoplankton community correctly at those stations: four mixed and three diatom-dominated locations. Because the algorithm is a newly parametrized version of that developed by Sathyendranath et al. (2004) for the North Atlantic, it is of interest to compare the performances of the locally tuned and untuned (North Atlantic) versions. For the same seven stations, the Atlantic algorithm incorrectly identified two of the diatom stations as mixed populations. Figure 2 shows that the Atlantic phytoplankton populations are less efficient (lower absorption coefficient for the same chlorophyll concentration) at harvesting light than populations in Pacific upwelling regions. Therefore, Pacific diatoms have a signal similar to Atlantic mixed populations. The shift in diatom-absorption efficiency may be caused by the size of the dominant diatom species or different pigment packaging within the cells (Morel and Bricaud, 1981) , but this cannot be determined from the absorption data alone. It would be useful to compare an Atlantic upwelling region such as Northwest Africa with the two datasets in Figure 2 to determine whether this shift is regime-or geographically driven.
The distribution of diatoms during the last four months of 2000 confirms that high-nutrient concentrations result from upwelling-favouring diatoms over other phytoplankton groups. Diatoms flourish in the Humboldt Current province, but not in the low-nutrient conditions of the South Pacific subtropical gyre (Figure 3 ). Diatoms are not prevalent throughout the Pacific equatorial divergence region, but they dominate where nutrient concentrations have been elevated by strong equatorial upwelling or entrainment from the Humboldt Current.
The equatorial upwelling subregion displayed the most pronounced shift in diatom abundance of the three subregions, with a progressive decrease in diatom-dominated pixels as El Niño conditions intensified (Figure 3 ). It is significant that pixels lost from the diatom-dominated classification were replaced by diatom-absent pixels, not by an increase in the number of mixedpopulation pixels. By December, the diatom-dominated region occupied approximately one-third of its typical areal extent. The diatom population supported by equatorial upwelling collapsed completely, with only a very narrow band of diatoms remaining along the Peruvian coast.
The south coastal subregion displays a pattern similar to that of the equatorial upwelling region, although to a somewhat lesser degree, i.e. a decrease in the relative abundance of diatomdominated pixels and an increase in the abundance of diatom-absent pixels (Figure 3) . The area occupied by diatoms contracted towards the Chilean coast as upwelling decreased, nutrient levels declined, and sea surface temperatures rose. This shift in the community structure was similar along the entire Chilean coastline and once again appeared to become more prominent as surface conditions persisted into later months. Again, the decrease in diatom-dominated pixels, coincided with an increase in diatom-absent pixels and the December 1997 diatom coverage was one-third that of 2000. The coastward contraction seen in the diatom-dominated waters, from 4 -58 to 1-28 latitude offshore, is in strong agreement with the estimated contraction of nutrient-rich waters from 400 to 50 km offshore during the 1982/ 1983 El Niño (Barber and Chavez, 1983) .
The north coastal subregion appeared to exhibit little response to changes in external forcing during the El Niño event.
December was the only month demonstrating a significant decrease in diatom abundance during El Niño. The loss was much smaller than in the other subregions and was replaced by mixed-population pixels (Figure 4 ) rather than diatom-absent pixels. However, there was a shift in the distribution of the diatoms within the subregion, with the majority of diatom pixels concentrated from 12 to 188S.
The observed changes in the diatom distribution raise two important questions: what is the total loss of diatom coverage, and how might this shift at the base of the foodweb affect higher trophic levels, including fish stocks? Figure 4 . Fraction of regional pixels classified into diatom-absent, mixed-phytoplankton, and diatom-dominated classes for each monthly composite. 1997 was an El Niño year, and 2000 represents normal conditions.
The area of the subregion multiplied by the percentage change in diatom-dominated pixels resulted in an estimated 212 700 km 2 loss of diatom-dominant area, with 56, 36, and 8% of this loss in the equatorial, south coastal, and north coastal upwelling regions, respectively. As the total area of diatom dominance in 2000 was 416 000 km 2 , the total loss was 50%. Bruland et al. (2005) suggested that the greater diatom abundance and productivity in the coastal water of mid-Peru compared with that off southern Peru might be because of the increased width of the continental shelf in the former latitudes (Figure 1) ; this could provide an increased supply of iron in upwelling waters. Increased (decreased) iron levels will increase (decrease) total productivity and alter the macronutrient uptake ratios of phytoplankton (Bruland et al., 2005; Bucciarelli et al., 2010) . During the decreased nutrient availability of an El Niño, higher levels of iron within the narrow band of upwelling water off Peru might help alleviate some of the nutrient stress. Higher concentrations of iron also favour diatoms, because it allows them to maximize growth rates, outgrow other phytoplankton groups, and become too big to be consumed by predators (Boyd et al., 2007) . However, the Humboldt upwelling system contains four water masses of differing nutrient contents and densities within the upper 300 m of the water column Silva et al., 2009 ): (i) subtropical water (STW) moving polewards at the surface; (ii) equatorial subsurface water moving polewards at intermediate depths below the STW; (iii) Subantarctic water moving towards the equator at the surface; and (iv) Antarctic intermediate water moving at depth. It is beyond the scope of this paper to cover fully the dynamics of nutrient cycling in this region, but the shift between the dominant surface water masses occurs at 258S. Attributing diatom maintenance to shelf-derived iron alone is probably an oversimplification.
In the study area, coastal upwelling prevails along much of the coast, but most persistently at 4 -6, 7 -9, 11 -13, and 14 -168S, at prominent capes or other changes in coastal orientation (Codispoti et al., 1982) . During the 1997 El Niño at the southernmost of these upwelling centres, the magnitude of the OET decrease was greater at the upwelling centre (158S) than farther south in the region of more relaxed upwelling (25-358S; Figure 5 ). Despite the greater decrease in upwelling, diatom populations were maintained only at the upwelling centre. This suggests that the decreased diatom abundance may be attributable to upwelling and nutrient levels decreasing below some critical threshold. Data collected during the Coastal Ecosystem Analysis Program (MacIsaac et al., 1985) demonstrated that the productivity cycle from upwelling to nutrient depletion in the region takes 8 -10 d; maintenance of the population on monthly time-scales would require continued upwelling events -nutrient input throughout the El Niño period. MacIsaac et al. (1985) also indicated that the state of the seeding population contained within a body of upwelling water depends on the time interval between leaving the mixed layer and the next upwelling event. If upwelling intensity falls below some threshold, that time interval might be too long and the seeding populations degraded, impaired, or moribund.
Implications for fisheries
The cause of the repeated post-ENSO collapses of anchovy (Engraulis ringens) fisheries in the Humboldt Current has been debated for more than 40 years. Many mechanisms have been proposed; this paper does not provide a complete solution, but adds to the discussion. The ecosystem of the Humboldt Current incorporates many economically important species in what has been described as a "rather simple trophic web of the pelagic subsystem" (Tarazona et al., 2003) . The main species of interest for local fisheries are small pelagic fish [anchovy and sardine (Sardinops sagax), with anchovy tending to dominate under non-El-Niño conditions, unless overfished (Alheit and Niquen, 2004; Tam et al., 2008) ]. Phytoplankton, mainly diatoms and dinoflagellates, form the base of the foodweb in the area; no matter what the mechanism, the changes mapped here are likely to have influenced the distribution and the abundance of organisms at higher trophic levels. Figure 6 shows the correlation between diatom loss/gain during September-December and anchovy landings from the Humboldt Current ecosystem the following year (data from The Sea Around Us, http://www.seaaroundus.org/lme/13.aspx). Diatom loss/gain was calculated as the fraction of the total (0-408S and 70 -908W) diatom-dominated pixels in December minus that in September. The 1998 anchovy catch (1 402 386 t) following the spawning season during El Niño conditions was only a quarter of the 2001 catch (5 782 844 t), which followed normal spawning conditions. A 50% reduction in diatoms is Figure 5 . OET (t s -1 100 m -1 of coast) measured at 38 latitudinal spacing and monthly intervals during El Niño (left, 1997) and normal (right, 2000) conditions. Interpolation and contour plots were obtained with R software. associated with a 75% reduction in anchovy catch. Clearly, the fisheries of the region have a number of other controlling factors that combine to reduce the anchovy stock during El Niño events, including predation, fishing pressure, and other food sources. However, diatom-distribution maps, such as presented here, could help identify key areas of anchovy production or areas requiring protection from fishing pressure to facilitate recovery after ENSO events.
Conclusions
It is possible to map and quantify the distribution of diatoms over the entire Humboldt Current ecosystem, during both normal and peak El Niño conditions, using remote-sensing data. Parametrization of phytoplankton absorption characteristics revealed that for the same chlorophyll concentration, the absorption coefficient for Pacific diatoms in upwelling areas is higher than in the Atlantic. Mapping results revealed that a deepening thermocline results in a 50% reduction in the area of diatom abundance. This reduction is not uniform along the Peruvian coast. Areas that remain diatom-dominant and support the anchovy population during an El Niño event should not be overfished; they are likely key locations supporting repopulation once normal conditions resume. 
